Abstract. Intact mitochondria, isolated from regenerating rat liver 2-3 days after partial hepatectomy, are 2.5-3 times more active in amino acid incorporation than mitochondria from control livers. Liver mitochondria from shamoperated animals showed normal amounts of incorporation. Sterile procedures insured low levels of bacterial contamination; cycloheximide was used to eliminate any contribution by contaminating microsomes. Mitochondria from control and 3-day-old regenerating livers were nearly identical in their concentration of several respiratory chain components, P/O ratios, specific 02 consumption, and cytochrome c oxidase activities. Small differences were observed in respiratory control ratios but these were shown to be unrelated to the differences observed in amino acid incorporating ability. Differential contamination by lysosomes and differences in lysosome fragility were also shown not to be factors in the increased incorporation by regenerating liver mitochondria. Thus, mitochondria from rapidly growing and dividing mammalian tissues are more active in protein synthesis than mitochondria from tissues that grow and divide more slowly. RNA.l2, 13 There is evidence from electron microscopy that the amount of RNA per mitochondrion increases in regenerating liver, as well as in other rapidly growing and dividing tissues, relative to tissues that grow and divide slowly. 14 Mitochondria increase in total amount in growing and dividing tissues; they appear to do so by growing and dividing themselves, rather than by de novo synthesis.'-,7 Since isolated mitochondria synthesize at least some mitochondrial-specific "structural" proteins,1 2 more active amino acid incorporation might be expected in 1695 
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Isolated, intact mitochrondria from several organisms are known to be capable of incorporating amino acids into mitochondrial protein.1 This process, although poorly understood in detail, is apparently similar to protein synthesis in prokaryotic organisms and in eukaryotic cytoplasm. Thus, both puromycin and chloramphenicol inhibit mitochondrial protein synthesis in vitro; both of these compounds inhibit the translation of messenger RNA by ribosomes.2 In lower organisms (yeast and Neurospora), mitochondrial ribosomes and ribosomal RNAs have been isolated and characterized.3 4 Various species of RNAs and ribonucleoprotein particles have been isolated from mitochondria of higher organisms;5-10 only the ribosomes and ribosomal RNAs from the mitochondria of Xenopus oocytes have been well characterized." One of the difficulties in working with mammalian mitochondria is their relatively low content of RNA.l2,13 There is evidence from electron microscopy that the amount of RNA per mitochondrion increases in regenerating liver, as well as in other rapidly growing and dividing tissues, relative to tissues that grow and divide slowly. 14 Mitochondria increase in total amount in growing and dividing tissues; they appear to do so by growing and dividing themselves, rather than by de novo synthesis.'-,7 Since isolated mitochondria synthesize at least some mitochondrial-specific "structural" proteins,1 2 more active amino acid incorporation might be expected in mitochondria from rapidly growing and dividing tissues. The importance of looking for mitochondria intrinsically more active in amino acid incorporation, as a first step in studying this process in mammalian systems, has recently been emphasized by Lehninger. 18 Regenerating liver appears to offer advantages over other mammalian systems (e.g., tissue culture cells or embryonic tissue) that might be used as a source of more active mitochondria. Regenerating rat liver grows and divides at a rate comparable to tissue culture cells'9 but unlike these cells (and embryonic tissue) is easily and cheaply available in large quantities and is thus suitable for large scale preparations, an important factor because of the low RNA content of the mitochondria.
There is a short communication in the literature reporting that mitochondria from regenerating liver are twice as active in amino acid incorporation than mitochondria from normal liver.20 However, only one time period after partial hepatectomy was studied, and it was not specified; no precautions against, or mention of, bacterial contamination was made (the importance of eliminating bacteria as contributors to amino acid incorporation in mitochondrial preparations has been emphasized2122); no parameters of mitochondrial respiration were studied; lysosomal contamination was not considered; sham operations were not performed; and no experiments were done to eliminate the possibility of the increased amino acid incorporation being due in part to contaminating microsomes (an increase in microsomal amino acid incorporation is a well-documented characteristic of regenerating liver'). Kroon23 also reports increased amino acid incorporation by regenerating liver mitochondria, but the observation was published only in a discussion section of a symposium and no data were presented. This paper presents evidence that mitochondria from rapidly growing and dividing rat liver are intrinsically more active in protein synthesis than those from more slowly growing and dividing liver.
Methods. Preparation of mitochondria: The procedure used was suggested by the early work of de Duve and co-workers24 on the relative sedimentation properties of rat liver mitochondria, microsomes, and lysosomes. The method is designed to rapidly prepare mitochondria, relatively free of lysosomes and microsomes, using relatively lower centrifugal forces than normally employed for pelleting mitochondria.
All materials and solutions were autoclaved before use and the entire procedure per- blow-out pipet leaving behind the light brown top layer of the pellet. Four volumes of buffer were then added to the pellet which was resuspended by drawing up the suspension in a cold 10-ml glass blow-out pipet (in a cold room) and allowing the material to run out by gravity. (All pellets were resuspended in this manner, sometimes using 5-ml pipets, to minimize shear forces that might damage the mitochondria or break open lysosomes). The resuspended pellet was centrifuged at 6000 g-min, and the supernatant solution combined with SN1. The combined supernatant solutions were centrifuged again at 6000 g-min; the pellet was discarded. The mitochondria in the supernatant solution were pelleted at 30,000 g-min (20 min at 2900 rpm) and the supernatant solution was discarded. The pellet was resuspended in 4-volumes of buffer and centrifuged again at 30,000 g-min. This was repeated once more to obtain the final pellet which was resuspended in 1 ml of buffer per (original) 4 g of liver (wet weight). The usual yield was 8 mg of mitochondrial protein per g of liver.
Bacterial counting: Serial dilutions of the final mitochondrial preparation were made into buffer; 0.1 ml aliquots were plated in duplicate on blood-agar plates. Colonies were counted after 48 hr at 370C.
Regenerating liver: Male rats (Charles River, CD strain), 10 to 15 weeks old (300-450 g), were partially hepatectomized (2/3 of the liver removed) as described,21 under ether anesthesia. The operations had to be performed under sterile conditions to obtain mitochondria relatively free of bacteria. Operations were always performed in the morning; the rats were given food and water ad libitum before and after the operation. Sham operations were by the same procedure but excision of the liver was omitted.
Amino acid incorporation: The final mitochondrial preparation is not completely free of lysosomes or microsomes. The problem of lysosome contamination will be discussed later. Any contribution to amino acid incorporation by contaminating microsomes was eliminated by including, in the standard incubation system, large amounts of cycloheximide, an antifungal agent which inhibits microsomal amino acid incorporation completely at the concentration used but does not affect mitochondrial amino acid incorporation.2 '26 Two types of systems have been described in the literature as optimal for amino acid incorporation by isolated mitochondria. One allows the mitochondria to produce their own ATP, necessary for protein synthesis, by oxidative phosphorylation27 28 while the other relies on externally-added ATP and an ATP-generating system.2'29 With a given mitochondrial preparation, either system works as well as the other.22'26 For simplicity, ATP and an ATP-generating system were used for these experiments. Some reported characteristics of this system are a sharp ATP concentration optimum (1-2 mM),29 30 increased activity when Tris is replaced by Bicine buffer,2'8 a requirement for Mg++, phosphate, EDTA, a complete amino acid mixture, and isotonicity, and insensitivity to ribonuclease.2,22 '26,28 The complete incubation system follows: 10 mM Bicine, 10 mM K2HPO4, 2 mM EDTA, 0.154 M KCl, 10 mM MgCl2, 1 mM ATP, 5 mM phosphoenolpyruvate, 20 jg pyruvate kinase, 19 amino acids (minus leucine) (2 jig each), 0.5 mg cycloheximide, 1 ,Ci L-[4,5-3H]leucine (666 ,Ci/,umol) and 2-3 mg of mitochondrial protein (0.1 ml of a suspension containing 20-30 mg/ml-since the mitochondria are in buffer, the final concentration of Bicine is 11 mM, EDTA 2.2 mM, and sucrose 30 mM).
Final volume, 1.0 ml, final pH, 7.4. After incubation for 1 hr at 37°C, the reaction was stopped by the addition of 1 ml of 10% trichloroacetic acid containing 0.2 mg/ml of unlabeled leucine. Blank tubes received mitochondria after the addition of trichloroacetic acid. The samples were heated at 90°C for 15 min and the precipitates washed by centrifugation with two 3-ml portions of 5% trichloroacetic acid, 3-ml of ethanol-etherchloroform 2:2: 1 and 3 ml of acetone. The dried precipitates were dissolved in 0.5 ml of Hyamine (Packard, La Grange, Ill.) and counted in 15 ml of a toluene-based liquid scintillation solution at an efficiency of 19%. All Results and Discussion. Bacterial contamination. All of the mitochondrial preparations used for the amino acid incorporation studies contained 1-40 viable bacteria per mg of protein. This corresponds to 2-120 bacteria per incubation tube, far less than that needed to contribute significantly to amino acid incorporation. Beattie et al. 22 reported that 30,000 bacteria per tube were needed to show significant bacterial amino acid incorporation. There were no differences in bacterial contamination between normal and regenerating liver preparations providing the partial hepatectomies were performed under sterile conditions. Amino acid incorporation: Table 1 shows some of the characteristics of the system. In agreement 'with the work of others,28'29 ATP, an ATP-generating system, Mg++, and a complete amino acid mixture are necessary for optimal incorporation. Of particular importance is the fact that chloramphenicol, at 50 ,pg/ml, inhibits incorporation by over 90%, while cycloheximide, at 0.5 mg/ml, is not inhibitory, a characteristic of mitochondrial, but not of microsomal, amino acid incorporating systems. 26 The omission of cycloheximide increases incorporation by about 20%, showing a small but significant contribution by contaminating microsomes. Fig. 1 shows amino acid incorporation per mg of mitochondrial protein for mitochondria from normal, sham-operated, and regenerating livers. Days After Partial Hepotectomw 1 day after partial hepatectomy, the incorporation doubles, and at 2 or 3 days, i is close to 3 times normal. Even after 7 days, the incorporation is still twice normal. Mitochondria from sham-operated rats showed normal incorporation. It should be emphasized that mitochondria from control livers were obtained from relatively young rats (10-15 weeks old) that are still growing at a rate of about 30 g per week. The difference between regenerating liver mitochondria and mitochondria from adult livers could well be even greater than that reported here.
Respiration parameters: P/0 ratios between regenerating and normal liver mitochondria showed no significant differences; they ranged from 2.5-3.5, with an overall average of 3.23 from 16 experiments. Table 2 shows that the concentration of cytochromes a3, a, b, and c are not significantly different between mitochondria from normal and 3-day regenerating livers. The specific 02 consumption (nmoles 02/min/mg at 2500) of mitochondria from normal and 3-day regenerating liver are 11.7 and 12.2, respectively. Table 3 shows respiratory control ratios of normal, sham-operated, and regenerating liver mitochondria. During regeneration, there is a small but significant decrease in respiratory control ratios; these recover only slowly, reaching control levels at 5 days after partial hepatectomy. Mitochondria from sham-operated animals show this same pattern. Respiratory control ratios (the ratio of 02 consumption in the presence and absence of ADP) are indicators of tight coupling, and thus of mitochon-TABLE 2. Concentration of respiratory drial "integrity" (i.e., how close isochain components of mitochonlated mitochondria are to mitochondria from normal and 3-day drna in vivo functionally). in turn, could affect in vitro amino acid incorporation. However, the differences in respiratory control ratios between mitochondria from normal and regenerating livers are not the cause of the differences observed in amino acid incorporation for the following reasons: (a) liver mitochondria from sham-operated rats show the same initial decrease in respiratory control ratios but have normal amounts of amino acid incorporation; (b) one-day-old regenerating liver mitochondria show a decreased respiratory control ratio and increased amino acid incorporation (see Fig. 1 ). However, 2 days after partial hepatectomy, the respiratory control ratio increases and so does amino acid incorporation. At 5 or 7 days after partial hepatectomy, the respiratory control ratios are as high or higher than controls, while amino acid incorporation is still twice that of normal; (c) finally, the respiratory control ratio of a preparation from normal liver was lowered to 2.5 by allowing the homogenate to stand for 30 min before centrifuging. The mitochondria from this preparation showed normal amounts of amino acid incorporation. The initial decrease in respiratory control ratios is not due to liver regeneration per se; it may be due to the use of ether anesthesia.
Lysosomes: Determining the extent of contamination of mitochondria by lysosomes is important because while the mitochondrial amino acid incorporating system is insensitive to one of the lysosomal enzymes (ribonuclease),1 lysosomes contain a large number and wide variety of other degradative enzymes39 which could damage the mitochondria and cause either an increase (by altering permeability properties) or decrease (by extensive degradation) in amino acid incorporation. Therefore, experiments were undertaken to determine whether mitochondrial preparations from normal and 3-day regenerating liver had different amounts of lysosomal contamination, or lysosomes differing in fragility (since lysosomes must first be broken before the degradative enzymes can be released). This was done by determining the activity of a lysosomal-specific enzyme, g-N-acetylglucosaminidase, per mg of protein in the final mitochondrial pellet, and by looking at the activity of the free enzyme (measured in the absence of detergent) during conditions similar to those used for amino acid incorporation. For for 3-day-old regenerating liver (4 experiments). As mentioned before, the specific 02 consumption and concentration of respiratory chain components are the same for both normal and 3-day-old regenerating liver. Finally, cytochrome c oxidase activity of normal liver preparations was determined to be 17.38 Kminper mg of protein and that of 3-day-old regenerating liver, 17.87. Thus, there is no substantial difference in contamination of the mitochondria from either normal or 3-day-old regenerating livers by non-mitochondrial protein, and the activity of B-N-acetylglucosaminidase per mg protein may be used as a measure of the lysosome/mitochondria ratio. The mitochondrial preparation from normal liver has a total activity of 48.5 X 1O-4 units/mg protein while that from 3-day-old regenerating liver has 62.5 X 10-4 units/mg protein. Of more importance is the amount of free activity; this can be seen in Fig. 2 
